O, are also discussed.
Introduction
An important objective in understanding biological oxidation by heme-containing monooxygenases is to elucidate the nature of the reactive intermediates and the mechanism of oxygen atom transfer from the intermediates to organic substrates. 1 Since the catalytic cycle of cytochrome P450 (CYP 450) is believed to involve a high-valent iron(IV)-oxo porphyrin π-cation radical, [(Porp) +• Fe IV dO] + , as an active oxidant in oxidation reactions, 2 a number of iron(IV)-oxo porphyrin π-cation radicals have been synthesized by the reaction of iron(III) porphyrins with terminal oxidants such as m-chloroperbenzoic acid (m-CPBA) and iodosylarenes (ArIO), characterized with various spectroreactions. 5 Although manganese porphyrins have shown promise as versatile catalysts in oxidation reactions over the past two decades, only recently have the key manganese(V)-oxo porphyrin intermediates been isolated, spectroscopically characterized, and studied in oxidation reactions. [6] [7] [8] [9] Groves and coworkers reported the generation and characterization of the first manganese(V)-oxo porphyrin complexes in aqueous solution and the reactivities of these complexes in olefin epoxidation and in the oxidation of bromide and nitrite ions. 6 Subsequently, Nam and co-workers demonstrated that a manganese(V)-oxo porphyrin can be generated with a biologically relevant oxidant, H 2 O 2 , in aqueous solution and that the formation of the intermediate depends markedly on the pH of the reaction solutions. 7 Very recently, Newcomb and co-workers reported the generation of manganese(V)-oxo complexes via laser flash photolysis methods in organic solvents and the kinetic studies of the intermediates in olefin epoxidation and alkane hydroxylation. 8 Naruta and co-workers synthesized a dinuclear Mn V d O porphyrin complex in the presence of base in organic solvents that showed O 2 evolution via O-O bond formation between the manganese(V)-oxo moieties. 9 In addition to the manganese-(V)-oxo porphyrins, manganese(V)-oxo complexes bearing non-porphyrinic macrocycles, such as corrole and corrolazine, have been isolated and characterized. [10] [11] [12] [13] [14] [15] Interestingly, the manganese(V)-oxo complexes of non-porphyrin ligands are very stable at room temperature and are poor oxidants in oxygen-atom-transfer reactions. Thus, insight into the chemical properties of the long-sought manganese(V)-oxo intermediates has been obtained by recent developments in isolating and characterizing manganese(V)-oxo complexes of porphyrin and non-porphyrin ligands. In this paper, we report the generation and characterization of manganese(V)-oxo porphyrin complexes that are stable at room temperature in the presence of base in organic solvents. The stability and reactivities of the manganese(V)-oxo porphyrins have been investigated in detail in oxygenation reactions under stoichiometric and catalytic conditions.
Results and Discussion

Preparation and Characterization of Manganese(V)-Oxo
Porphyrin Complexes. Addition of m-chloroperbenzoic acid (m-CPBA) to a reaction solution containing a manganese(III) porphyrin chloride, Mn(TDCPP)Cl (see Figure 1 for the structures of manganese porphyrin complexes used in this study), 16 and tetrabutylammonium hydroxide (TBAH) in a solvent mixture of CH 2 Cl 2 and CH 3 CN (1:1) at 25°C resulted in the immediate generation of a manganese(V)-oxo porphyrin complex, [(TDCPP)Mn V dO] + (1a), with a strong and sharp Soret band at 444 nm and a Q-band at 560 nm (Figure 2a ; see Supporting Information, Figure S1 for UV-vis spectra of other manganese(V)-oxo porphyrins; Table 1 summarizes the UVvis absorption bands). [6] [7] [8] [9] The intermediate persisted for several hours (t 1/2 ≈ 40 min) at 35°C. The formation of 1a was also observed when Mn(TDCPP)Cl was treated with other oxidants, such as iodosylarenes (i.e., PhIO and F 5 PhIO) and H 2 O 2 , under identical conditions.
The manganese(V)-oxo porphyrin complex 1a was further characterized by EPR, 1 H and 19 F NMR, resonance Raman, and X-ray absorption spectroscopy. The X-band EPR of 1a shows no signal (data not shown). 6b,7,9 The 1 H NMR spectrum of 1a in CD 3 CN displays sharp 1 H resonances in the normal aromatic region (δ 7-9 ppm) (Figure 2b ). The -pyrrole proton appears at 8.7 ppm as a sharp singlet, and the meta and para protons of the phenyl group appear at 7.9 and 8.1 ppm with an integral ratio of 2:1, respectively. proton at 8.9 ppm and the meta and para protons of the phenyl group at 7.7 and 8.1 ppm with an integral ratio of 2:1, respectively (Supporting Information, Figure S2a ). Further, the [(TDFPP)Mn V dO] + complex shows a sharp 19 F NMR peak at -109 ppm for the phenyl fluorine (Supporting Information, Figure S2b ). 17 It is worth noting that the observed Mn V dO stretching frequency of 1a is lower than that of dinuclear (OH)Mn(V)dO species (ν MndO ) 791 cm -1 ) 9 but similar to that of Mn IV (TMP)(O) (ν MndO ) 754 cm -1 ). 18 In addition, when we prepared the manganese(V)-oxo porphyrin complex, [(TM-2-PyP)Mn V dO] 5+ , 16 in aqueous solution as reported by Groves and co-workers 6b,c and measured the resonance Raman band of the Mn-O moiety, we observed a strong, isotope-sensitive band at 729 cm -1 , which shifted to 696 cm -1 when the manganese(V)-oxo porphyrin was generated in H 2 18 O (Figure 3b ; see Supporting Information, Figure S3 for the UV-vis spectrum). A weak, isotope-sensitive band at 502 cm -1 , which shifted to 475 cm -1 upon introduction of 18 O, was also detected in the resonance Raman spectrum (Figure 3b) . The bands at 729 and 502 cm -1 are assigned to ν(Mn V dO) and ν(Mn V sOH), respectively. 9 In contrast to the manganese-(V)-oxo porphyrins, manganese(V)-oxo complexes bearing non-porphyrinic macrocycles exhibit a Mn-O stretching band at a higher frequency (e.g., ∼980 cm -1 ) in organic solvents, which indicates triple-bond character between the Mn(V) ion and the oxo group. 10a,14b,c The triple-bond character of Mn-O moieties in five-coordinate non-porphyrinic manganese(V)-oxo complexes has been confirmed by short Mn-O bond lengths 
444 , (∼1.56 Å). 10c,14a,c,d,15 However, we have observed in the present study that the Mn-O stretching Raman bands of manganese-(V)-oxo porphyrins are in the range of 760-790 cm -1 in organic solvents. This indicates a longer, weaker Mn-O bond, which suggests double-bond character. 9 The longer, weaker Mn-O bond (relative to known five-coordinate Mn(V)-oxo complexes) has been further confirmed by X-ray absorption spectroscopic studies, which suggest that the weakening of the Mn-O bond is due to the presence of a sixth ligand trans to the Mn-oxo bond (vide infra).
X-ray Absorption Spectroscopy (XAS)/Extended X-ray Absorption Fine Structure (EXAFS) Results. A comparison of the normalized Mn K-edge XAS data for the Mn(III)-, Mn-(IV)-, and Mn(V)-TDCPP (1a) complexes is shown in Figure  4 . The rising edge energy clearly increases across this series (increasing by ∼2 eV upon oxidation of Mn(III) to Mn(IV), and by an additional ∼1 eV on going to Mn(V)), consistent with the increasing effective nuclear charge on the manganese. Figure 5 shows a comparison of the normalized Mn K-edge XAS data for 1a to those of the previously reported Na[Mn V -(HMPAB)(O)] (HMPAB ) 1,2-bis(2-hydroxy-2-methylpropanamido)benzene) complex. 19 The rising edge positions are essentially identical, which thus confirms a Mn(V) oxidation state in the manganese porphyrin complex. However, the preedges (at ∼6542 eV) of these two complexes are very different. The dramatic decrease in intensity requires an increased coordination number in 1a compared to the five-coordinate Na-[Mn V (HMPAB)(O)] complex. 19 The presence of a strong trans axial ligand would weaken the Mn(V)-oxo bond (thus lowering 4p z mixing) and would also shift the Mn more into the equatorial plane (lowering 4p x ,p y mixing), resulting in a more centrosymmetric Mn center. All of these factors contribute to a reduced electric dipole contribution and a weaker pre-edge intensity in 1a, 20 compared to the previously reported five-coordinate Mn-(V)-oxo complex.
The k 3 -weighted EXAFS data and fits for the Mn(III)-, Mn-(IV)-, and Mn(V)-TDCPP complexes are shown in Figure  6a . A comparison of the corresponding Fourier transforms (k ) 2-11 Å -1 ) is shown in Figure 6b . There are clear changes in the overall beat pattern of the EXAFS data and in the Fourier transforms upon oxidation. The best fits to the data are summarized in Table 2 . For the Mn(III) complex, the EXAFS are best fit by inclusion of five Mn-N/O interactions at 2.01 Å, with additional outer-shell contributions from the porphyrin. Attempts to add a sixth ligand resulted in a slightly poorer fit (error increased from 0.45 to 0.54). Fits were also attempted in Qualitatively, the increase in distance is consistent with the change in Mn-O stretching frequency from the resonance Raman data. However, quantitatively, Badger's rule would predict an even larger change in distance (1.80 Å based on the change in frequency) than is observed. 21 Density functional theory (DFT) calculations on 1a, both with and without a trans axial ligand, are currently in progress to understand the correlation between the EXAFS-derived distances and the experimental frequencies.
In summary, we have prepared manganese(V)-oxo porphyrins in organic solvents and characterized their physical properties with various spectroscopic techniques. The manganese(V)-oxo porphyrins are diamagnetic low-spin (S ) 0) species, as characterized by EPR and 1 H and 19 F NMR spectroscopies. The Mn-O stretching frequency and the Mn-O bond length of 1a, determined by resonance Raman and X-ray absorption spectroscopy, respectively, are both indicative of a longer, weaker bond than has been observed in previously reported Mn(V)-oxo complexes bearing non-porphyrinic ligands. This suggests double-bond character between the manganese(V) ion and the oxygen atom in porphyrin systems, as indicated by the weak Mn K-pre-edge and the EXAFS data. The weaker Mn-O bond may be attributed to a trans effect due to the presence of a sixth ligand, whereas the previously reported non-porphyrin Mn(V)-oxo complexes are all five-coordinate. More detailed investigations, including DFT calculations, are underway to understand how the ligands of manganese(V)-oxo complexes influence the manganese(V)-oxo bond orders.
Effect of Base on the Stability of Manganese(V)-Oxo Porphyrins.
It has been reported previously that the formation of manganese(V)-oxo porphyrins is markedly influenced by the pH of reaction solutions; the intermediates are generated at high pH values in aqueous solution 6,7 or in the presence of base in organic solvents. 9 We therefore investigated the base effect on the generation of manganese(V)-oxo porphyrins by carrying out reactions with Mn(TDCPP)Cl and m-CPBA in the presence of different amounts of TBAH. When Mn(TDCPP)Cl was reacted with m-CPBA in the absence of TBAH in a solvent mixture of CH 2 Cl 2 and CH 3 CN (1:1) at 25°C, (TDCPP)Mn IV d O (2a) was generated (see Supporting Information, Figure S4 for the UV-vis and EPR spectra of 2a). 6, 7, 22 In the presence of 10 equiv of TBAH, 1a was formed but quickly disappeared, and the decay of 1a became slower with the increase of TBAH concentration (Supporting Information, Figure S5 ). Moreover, when 10 equiv of HClO 4 was added to a solution of 1a which was generated in the presence of 20 equiv of TBAH, the intermediate immediately reverted back to the starting [Mn III -(TDCPP)] + complex. These results demonstrate that the role of base is to stabilize manganese(V)-oxo porphyrins. Although we do not know the exact role of base in increasing the stability of manganese(V)-oxo species, the reactivity of manganese-(V)-oxo complexes may be controlled by binding the hydroxide ion as an axial ligand (i.e., axial ligand effect). 23 The presence of a sixth trans axial ligand in the Mn(V) complex is supported by the XAS results (vide supra). 
Reactivities of Manganese(V)-Oxo Porphyrins.
We have shown above that manganese(V)-oxo porphyrins are highly stable in the presence of base; 1a decays slowly with a rate constant of 4.6(4) × 10 -4 s -1 at 35°C (Table 1) . This rate was not dependent on the concentration of [(Porp)Mn V dO] + species. However, the decay rate of manganese(V)-oxo porphyrins was dependent on the nature of the porphyrin ligands; electron-rich manganese porphyrins decayed faster than electron-deficient manganese porphyrins (Table 1 lists k obs values for the decay of manganese(V)-oxo porphyrins). 6b It is of interest to note that the stability order of manganese(V)-oxo porphyrins is opposite to that of iron(IV)-oxo porphyrin π-cation radicals. In iron porphyrins, an iron(IV)-oxo porphyrin π-cation radical bearing an electron-rich porphyrin ligand is more stable than one bearing an electron-deficient porphyrin. 4d,24 Further, the stability order of manganese(V)-oxo porphyrins in the presence of base is opposite to the reactivity and stability order of [(Porp)-Mn V dO] + complexes observed in the absence of base but similar to that of (Porp)Mn IV dO species. 8b In the latter case, the inverted stability order of manganese(IV)-oxo porphyrins was correlated with ease of the disproportionation of (Porp) (Figure 7a ). Pseudo-first-order fitting of the kinetic data allowed us to determine the k obs value to be 7.5 × 10 -3 s -1 at 35°C. The pseudo-first-order rate constants increased proportionally with thioanisole concentration, giving a second-order rate constant of 2.6(8) × 10 -2 M -1 s -1 (Figure 7b ). When pseudo-first-order rate constants were determined with various para-substituted thioanisoles and plotted against σ p , a good correlation was observed, with Hammett F value of -0.65 (Figure 7c ). The negative F value indicates the electrophilic character of the oxo group of 1a in oxygen-atom-transfer reactions. 25 Further, by determining rate constants from 283 to 308 K, we were able to calculate activation parameters of ∆H q ) 7(2) kcal mol -1 and ∆S q ) -44(2) cal mol -1 K -1 for the oxidation of p-NH 2 -thioanisole by 1a (Figure 7d) .
When the reactivity of 1a was examined in olefin epoxidation and alkane hydroxylation, the rate of the disappearance of 1a was not affected by the addition of cyclooctene and cyclooctane to reaction solutions. Further, product analyses revealed that no oxygenated products were generated in these reactions, indicating that 1a is not capable of oxygenating olefins and alkanes under these conditions. These results are of interest since it has been generally believed that manganese(V)-oxo porphyrin complexes are highly reactive and the sole reactive species in the catalytic oxygenation of olefins and alkanes by manganese(III) porphyrins and terminal oxidants. 5 The low reactivity of 1a observed in the present study may be ascribed to the binding of an anionic axial ligand (i.e., OH -) that would serve to decrease the electrophilicity of the Mn-oxo complex toward organic substrates (vide infra). We have also investigated the oxygen exchange between the oxo group of 1a and H 2 18 O by incubating 1a in the presence of H 2 18 O and then adding PPh 3 to the resulting solution. 26, 27 The degree of 18 O exchange was then determined by analyzing 16 O and 18 O percentages in Ph 3 PO product (Scheme 1). Figure 8a shows that the amounts of 18 O found in the Ph 3 PO product increased with the incubation time of 1a (see Supporting Information, Figure S6 for the analysis of 18 O % in Ph 3 PO). Figure 8b shows that the amounts of 18 O incorporated into the product increased proportionally with the amounts of H 2 18 O in reaction solutions. The present results provide direct evidence that manganese(V)-oxo porphyrins exchange their oxygen atom with H 2 18 O. 6a,7 Interestingly, we found that the rate of oxygen exchange between manganese(V)-oxo porphyrins and H 2 18 O was extremely slow under the reaction conditions; the calculated k obs value of 4.9(2) × 10 -2 s -1 determined in the presence of base in organic solvents at 25°C is much slower than the estimated rate (k exchange ≈ 10 3 s -1 ) of oxo-aqua interchange in an manganese(V)-oxo porphyrin in aqueous solution. 6a
Catalytic Oxygenation of Olefins and Alkanes by Manganese(V)-Oxo Porphyrins and PhIO. We have used manganese(V)-oxo porphyrins as catalysts in olefin epoxidation and alkane hydroxylation by PhIO. We first generated 1a by reacting Mn(TDCPP)Cl with m-CPBA in the presence of 20 equiv of TBAH. Organic substrates were then added to the reaction solution, followed by solid PhIO (20 equiv). While the UV-vis spectrum of 1a was retained during the reaction, product analysis of the reaction mixture revealed that epoxides and alcohols were produced in the olefin epoxidation and alkane hydroxylation, respectively (Table 3 ). In the epoxidation of cyclohexene, cyclohexene oxide was produced predominantly, with small amounts of allylic oxidation products such as cyclohexenol and cyclohexenone (entry 1). In cis-stilbene epoxidation, cis-stilbene oxide was the major product, with the formation of small amounts of trans-stilbene oxide and benzaldehyde (entry 3). This result indicates that the olefin epoxidation is stereospecific, as reported in the epoxidation of cis-stilbene by Mn(TDCPP)Cl and PhIO. 28 Also, as observed in the iron porphyrin-catalyzed epoxidation of trans-stilbene by PhIO, 29 only a small amount of trans-stilbene oxide was produced in the epoxidation of trans-stilbene (entry 4). In the hydroxylation of alkanes by 1a and PhIO, equimolar amounts of alcohol and ketone products were produced (entries 5 and 6).
Since we have demonstrated above that 1a does not oxygenate olefins and alkanes, the observation of the formation of oxygenated products in the catalytic olefin epoxidation and alkane hydroxylation by 1a and PhIO implies the generation of an active oxidant that is different from 1a. Similar to the present results, it has been reported previously that manganese(V)-oxo complexes of corrolazine and corrole ligands are inactive, but the Mn(V)-oxo complexes produce oxygenated products in the oxidation of olefins and sulfides by PhIO. 10a, 11b Nam, W. J. Am. Chem. Soc. 1997 , 119, 1916 -1922 Seo, M. S.; In, J. Mn(V)dO and PhIO. 10b,30 Structure 4, a manganese(VI)-oxo porphyrin complex, has not yet been identified, but Golubkov and Gross recently reported the characterization of a (nitrido)-Mn(VI) corrole complex. 31 A high-spin Mn(V)-oxo complex (5) has been proposed as an active oxidant on the basis of DFT calculations on a (salen)Mn(V)-oxo intermediate in JacobsenKatsuki epoxidation reactions. 32 According to the DFT calculations, manganese(V)-oxo complexes having different spin states (e.g., singlet, triplet, and quintet) show markedly different reactivities in oxidation reactions. Further, Shaik and co-workers conducted DFT calculations with oxoiron(IV) porphyrin π-cation radicals and proposed that the reactivity of the oxoiron(IV) porphyrins is significantly affected by the spin states of the intermediates (i.e., a low-spin doublet state and a high-spin quartet state). 1c,33 Finally, since the low reactivity of 1a may be due to the binding of hydroxide as an axial ligand, replacement of the axial hydroxide ligand upon addition of PhIO in the catalytic oxygenation reactions could generate an intermediate with high reactivity. Indeed, it has been well documented that the presence of neutral nitrogen bases (e.g., imidazoles) in manganese porphyrin-catalyzed reactions increases product yields dramatically. 34 Therefore, structure 6 may be a Mn(V)-oxo porphyrin complex bearing a different axial ligand (e.g., H 2 O). At the present time, none of the proposed species in Figure 9 has been identified, and intensive mechanistic studies are needed to elucidate the exact nature of active oxidant(s) in manganese complex-catalyzed oxidation reactions.
Conclusion
Manganese(V)-oxo species have been frequently invoked as reactive species in the catalytic oxygenation of hydrocarbons by manganese(III) porphyrins and terminal oxidants. 5 In the present study, we have prepared manganese(V)-oxo porphyrins that are highly stable at room temperature in the presence of base in organic solvents. The manganese(V)-oxo porphyrins were characterized with various spectroscopic techniques and found to be diamagnetic low-spin (S ) 0) species with a longer, weaker Mn-O bond than that found in previously characterized Mn(V)-oxo complexes. This is suggestive of double-bond character between the manganese(V) ion and the oxygen atom and originates from the presence of a sixth trans axial ligand. The stability of the manganese(V)-oxo species was found to depend on the concentration of base and the electronic nature of porphyrin ligands, but not on the concentration of the manganese(V)-oxo species. The low-spin manganese(V)-oxo porphyrins showed a low reactivity in oxygen-atom-transfer reactions; 35 the intermediates are capable of oxygenating PPh 3 and thioanisoles but not olefins and alkanes. Moreover, the rate of oxygen exchange between the manganese(V)-oxo species and H 2 18 O in the presence of base in organic solvents was found to be very slow. These results are in contrast to previous suggestions that manganese(V)-oxo porphyrins are invariably highly reactive in oxygenation reactions and that the intermediates exchange their oxygen with H 2 18 O at a fast rate. We have also reported that manganese(V)-oxo porphyrins associated with terminal oxidants, such as PhIO, afforded high product yields in the oxygenation of olefins and alkanes. Future studies will focus on elucidating the effect(s) of base on the chemical properties of manganese(V)-oxo species and the nature of oxygenating intermediate(s) generated in the reactions of manganese(V)-oxo porphyrins and terminal oxidants.
Experimental Section
Materials. Dichloromethane (anhydrous) and acetonitrile (anhydrous) were obtained from Aldrich Chemical Co. and purified by distillation over CaH2 prior to use. All reagents purchased from Aldrich were the best available purity and used without further purification unless otherwise indicated. m-CPBA was purified by washing with phosphate buffer (pH 7.4) followed by water and then dried under reduced pressure. Iodosylarenes were prepared according to published procedures. 36 The purities of the oxidants were determined by iodometric titration. 37 Instrumentation. UV-vis spectra were recorded on a HewlettPackard 8453 spectrophotometer equipped with a circulating water bath. EPR spectra were obtained on a JEOL JES-FA200 spectrometer at 4 K. 1 H NMR spectra were measured with a Bruker DPX-250 spectrometer, and chemical shifts were reported as δ values from standard solvent peaks. 19 F NMR spectrum was measured with a Varian Unity-Inova 500 MHz spectrometer. Product analyses for the oxidation of PPh3 and the epoxidation of cis-and trans-stilbenes were performed on a DIONEX Summit Pump Series P580 equipped with a variablewavelength UV-200 detector (HPLC). Products were separated on a Waters Symmetry C18 reverse-phase column (4.6 × 250 mm), and detection was made at 215 and 254 nm. Product analyses for the oxidation of sulfides, the epoxidation of cyclohexene and cyclooctene, and the hydroxylation of alkanes were performed on an Agilent Technologies 6890N gas chromatograph equipped with a flame ionization detector (GC) and a Hewlett-Packard 5890 II Plus gas chromatograph interfaced with a Hewlett-Packard model 5989B mass spectrometer (GC-MS). LC-ESI MS spectra for the determination of 18 O percentage in Ph3PO in isotopically labeled H2
18
O experiments were collected on a Finnigan Surveyor Integrated HPLC system (PDA detector and LC pump) connected with a Thermo Finnigan (San Jose, CA) LCQ Advantage MAX quadrupole ion trap instrument. The separation of product was achieved by on-column injection to a Hypersil GOLD column (5 µm, 4.6 × 250 mm) using MeOH:H 2O (3:1) as eluent
